Keeping track of various amounts of social cognitive information, including people's mental states, traits, and relationships, is fundamental to navigating social interactions. However, to date, no research has examined which brain regions support variable amounts of social information processing ("social load"). We developed a social working memory paradigm to examine the brain networks sensitive to social load. Two networks showed linear increases in activation as a function of increasing social load: the medial frontoparietal regions implicated in social cognition and the lateral frontoparietal system implicated in nonsocial forms of working memory. Of these networks, only load-dependent medial frontoparietal activity was associated with individual differences in social cognitive ability (trait perspective-taking). Although past studies of nonsocial load have uniformly found medial frontoparietal activity decreases with increasing task demands, the current study demonstrates these regions do support increasing mental effort when such effort engages social cognition. Implications for the etiology of clinical disorders that implicate social functioning and potential interventions are discussed.
mentalizing | default-mode network | neuroimaging | cognitive load T he "social brain hypothesis" suggests that the fundamental evolutionary constraint leading to the increase in primate brain size, relative to body size, was the need to keep track of an increasing number of social relationships (1) (2) (3) . Successful navigation of group living requires not only keeping track of one's own relationships with others, but also other people's relationships with each other, and the particular characteristics of other people and their relationships. The information to be considered grows exponentially with the number of people considered, making it difficult to think about even a handful of people at once.
Although the online maintenance or manipulation of multiple pieces of social information, or "social working memory," is central to successful functioning in a social context, the brain mechanisms guiding this ability remain elusive. One possibility is that increases in social information processing demands are supported by generic working memory resources. Working memory is the psychological process commonly associated with the holding and flexible updating of multiple pieces of information in mind. As people maintain or manipulate increasing amounts of information, a well-characterized set of brain regions [lateral frontoparietal regions and supplementary motor area (SMA)] become progressively more active (i.e., parametric increases) (4) (5) (6) . Studies of working memory have focused almost exclusively on cognitive or perceptual information (letters, numbers, and object locations) and have not examined social information that might have been critical in successful primate group living (traits, beliefs, relationship characteristics). Given that social thinking typically includes verbal and visuospatial processing demands, canonical working memory regions may support these basic processes during social working memory.
In addition to recruiting the canonical working memory system, social working memory may also rely on another neurocognitive network to support the processing of increasing social cognitive content. There is a set of brain regions associated with thinking about the mental states or psychological characteristics of other people. This "mentalizing" process reliably recruits activity in medial frontoparietal regions and the tempoparietal junction (TPJ) (7) (8) (9) . These regions have been observed in numerous studies pitting a social cognition task (i.e., thinking about people's psychological characteristics or mental states) against a cognitive control task (i.e., making judgments about physical objects). However, to date, no studies have examined whether these regions parametrically increase in activity as the amount of social information maintained or manipulated during mentalizing increases.
Increased activation in mentalizing regions in response to parametric increases in social cognitive effort would counter the current understanding of how the brain responds during effortful cognitive processing. Extant research suggests that the canonical working memory system supports effortful processing, whereas regions in the mentalizing system deactivate during effortful cognition, including during traditional working memory tasks (10, 11) . Essentially, the relationship between the canonical working memory network and the mentalizing network typically looks like two sides of a seesaw: as the lateral frontoparietal network parametrically increases in activation in response to cognitive effort or task demand, the mentalizing network shows parametric decreases (10) (11) (12) . In fact, the mentalizing network is virtually identical to a network dubbed the "default-mode network" (13) (14) (15) , so named because it is more active when individuals are at rest (i.e., by default) than when they engage in a variety of effortful cognitive tasks.
Given the previously identified dynamics between canonical working memory and mentalizing networks, as well as the mentalizing network's tendency to show reduced activity under conditions of increasing effort, it would be surprising if the mentalizing network showed load-dependent parametric increases during a social working memory task. The critical caveat is that previous studies have only examined increases in effortful processing with cognitive and perceptual load. None of the studies linking increased effort with decreased activity in the mentalizing network have examined increased effort associated with increased social task demands ("social load"). Given the importance of managing social information to navigate the social environment, it is possible that the canonical working memory and mentalizing systems each support social working memory rather than showing the inverse relationship commonly observed between the systems. The major goal of the current study, therefore, was to examine whether one or both of these networks increase activation during social load.
To examine the neurocognitive systems sensitive to social load level, we developed a delayed-response social working memory task that varied working memory load in the social domain on a trial-by-trial basis. During scanning, participants completed trials in which they were presented with the names of two, three, or four of their friends (Fig. 1) , mentally ranked their friends along a trait dimension during a delay period, and answered a true/false question about their rank order. Two weeks before the scanning session, we obtained each participant's ranking of 10 friends on each of the trait dimensions we used, allowing accuracy calculations for each trial. First, we explored which brain regions showed parametric increases in activation with increasing levels of social load. Second, we examined whether any activation during social working memory was related to trait perspective-taking, a correlate of social cognitive ability (16) . Given that lateral frontoparietal activity during nonsocial working memory tasks is related to general fluid intelligence (17, 18) , it is possible that a parallel relationship exists between social working memory and social cognitive ability.
Results
Behavioral Task Performance. The purpose of the behavioral analyses was to determine whether our social working memory task produced characteristic accuracy and reaction time (RT) effects observed in prior working memory studies. Replicating previous research suggesting that performance decreases as a function of task demand (working memory load), repeatedmeasures ANOVA showed a significant effect of task demand on RT [F(2,15) = 11.48; P < 0.001] and accuracy [F(2, 15) = 5.94; P < 0.005]. For RT, post hoc t tests revealed RT was significantly longer for four names compared with three names [t(15) = 2.45; P < 0.05; Table S1 ] and two names [t(15) = 3.85; P < 0.005]. Similarly, RT was marginally longer for three names compared with two names [t(15) = 1.77, P = 0.096]. Accuracy was significantly higher on two-name trials than three-name trials [t(15) = 3.04; P < 0.01] or four-name trials [t(15) = 3.34; P < 0.005]. However, the difference in accuracy for three-name trials compared with four-name trials was not significant [t(15) = 0.27; P = 0.79].
Functional MRI Results. Parametric effects during delay. Parametric analysis of functional fMRI data allows us to see which regions show a linear increase in activity as a function of social load (i.e., trials with two, three, or four friends' names to be considered along a trait dimension). Our first analyses focused on the delay period beginning after the trait word (e.g., "funny") was removed until the probe question appeared 6 seconds later (e.g., "second funniest?"). In this statistical model, the first regressor (i.e., average effect) codes the fixed amplitude effect (i.e., the average hemodynamic response, collapsing across all levels of load). The second regressor is the parametric effect, which codes the variable amplitude effect, (i.e., the effect of the hemodynamic response that varies by social load). Thus, effects associated with the parametric load regressor are independent of the basic effects associated with performing a social cognitive task, per se.
As expected, parametric analyses showed load-dependent increases in canonical working memory regions including dorsolateral prefrontal cortex (DLPFC) (−45, 17, 28) , superior parietal lobule (SPL) (30, −67, 58) , and SMA (−9, 14, 55). However, in contrast to previous nonsocial studies of working memory, we also observed load-dependent increases in mentalizing regions including dorsomedial prefrontal cortex (DMPFC) (−12, 38, 49) extending into anterior paracingulate cortex (DMPFC/APC) ( 12, 29, 31) , precuneus/posterior cingulate cortex (PC/PCC) (0, −61, 46), and TPJ (−42, −70, 40) ( Fig. 2 and Table S2 ). Parametric effects during probe response. Past working memory studies examine neural responses during the probe response in addition to the delay period, as both are considered component processes of working memory (19) . Moreover, the probe response period most closely matches extant social cognitive neuroscience paradigms that do not manipulate social load [i.e., participants make a judgment about others' traits (20)]. Therefore, we also modeled activation from the onset of the probe question until participants' button press to determine which regions would show parametric increases as a function of social load. To examine social load effects during the probe response period, a parametric load regressor was entered for each trial to scale the hemodynamic responses expected during the probe period.
As expected, parametric analysis during the probe response period in canonical working memory regions including DLPFC (−39, 5, 58), SPL (57, -58, 40) , and SMA (−6, 20, 64). However, we, once again, also observed load-dependent increases in mentalizing regions including DMPFC extending into anterior paracingulate cortex (9, 47, 52), medial prefrontal cortex (MPFC) (−6, 56, -5), PC/PCC (0, −61, 34), and TPJ (−48, −67, 43) ( Fig. 3 and Table S2 ). As with the delay results, these effects were independent of the average effect associated with performing a social task, per se.
Because there were significant differences in the reaction times as a function of social load level, we conducted an additional analysis that added the reaction time for each trial as a parametric regressor. We orthogonalized the social load parameter with respect to the RT parameter to examine the unique effect of social load, over and above any effects of RT and the average effect of performing a social cognition task per se. In this analysis, mentalizing regions (DMPFC, MPFC, PC/PCC, and TPJ) and traditional working memory regions (DLPFC, SMA, and SPL) continued to produce activity associated with social load level, independent of reaction time. Perspective-taking ability. Paralleling findings on nonsocial working memory and fluid intelligence, we examined whether there was a relationship between the parametric recruitment of regions as a function of social load and a measure of trait perspectivetaking ability, which has previously been linked to social competence and social reasoning (16, 21) . A relation between these assessments would provide further validation of the idea that the brain's ability to manage increasing amounts of social information corresponds with social cognitive ability. Moreover, if the mentalizing regions result in this analysis, it would suggest that social competence may depend on brain regions distinct from those commonly associated with general intelligence. Results from the whole-brain regression of the parametric analysis of the delay period with perspective-taking scale scores entered as a regressor showed significant activation in MPFC (−6, 62, 1) and PC (−9, −49, 13) regions, both of which are central to social cognition ( Fig. 4 and Table S3 ). In contrast, perspective-taking did not correlate with parametric activity in any traditional working memory regions.
Discussion
Social Load, Default Mode, and Effort. We identified brain regions involved in maintaining and manipulating increasing amounts of social information that may allow humans to understand complex, multifaceted social interactions. As expected, the canonical working memory system in lateral frontoparietal regions and SMA produced increased activation during delay and probe response periods as social load increased. Similarly, the mentalizing network in medial frontoparietal regions and TPJ also produced increased activation during delay and probe response periods as social load increased. Finally, only mentalizing regions' parametric increases correlated with trait differences in perspective-taking ability. Prior meta-analyses of nonsocial working memory do not report mentalizing regions increasing with load (6); on the contrary, these regions are typically shown to reduce activation as a function of load in nonsocial working memory tasks (11, 12) .
These results are important, in part, because they identify regions that are not only involved in supporting social cognition generally, but regions that are sensitive to the amount of effort needed to support social cognitive processes. That is, this parametric effect cannot be explained simply by the fact that participants are performing a task with social content. The average effect, collapsing across levels of social load, is also included in the model and thus the parametric regressor captures variability in the neural response over and above that which is explained by the average effect. Countless social psychological phenomena have been understood in terms of effortful versus noneffortful social cognition (22) , and some studies have suggested that different systems subserve these kinds of processes (23) (24) (25) (26) . Here, we report neurocognitive evidence of brain regions whose activity scales linearly with increasing task difficulty within the social domain. Furthermore, perspective-taking ability was associated with these load-dependent effects in mentalizing regions, demonstrating that significant variance associated with social cognitive constructs may be explained, in part, by how the mentalizing network scales its response to the level of social load.
The load-dependent increases in the mentalizing network are also compelling because they run counter to the common finding of parametric decreases in these regions as a function of load level (i.e., during effortful processing). Previous studies have uniformly found that increasing levels of cognitive load in working memory and other related tasks produces load-dependent decreases in the default-mode network that is essentially identical to the mentalizing network (10) (11) (12) . Given past findings, it would have been reasonable to question whether previous mentalizing effects were partly artifacts of lower task difficulty compared with the nonsocial control tasks. As noted earlier, the critical caveat to past load-related findings is that they were all derived from tasks using nonsocial forms of load. The current study suggests that load effects within the mentalizing network are domain-specific and that regions within this network are capable of supporting increasingly effortful cognition, if it is social cognition.
It is also worth noting that in our highest load condition, nearly all of the regions within the mentalizing/default-mode network that were observed to increase parametrically were also significantly more active compared with a resting baseline (Figs.  2 and 3) . In common social cognition and self-reference paradigms, regions within the mentalizing and default-mode network show increased activity compared with a nonsocial control task (e.g., judgments about the physical world); however they typically show decreased or no activity compared with a resting baseline. Therefore, it is difficult to claim that regions are optimized for social cognition when the tasks used to assess social cognition produce less activity than what is observed during rest. The current data suggest that these prior findings might be attributable to the lower difficulty levels of prior social cognition and self-reference tasks. When performance measures are reported in fMRI studies of social cognition, they are often near ceiling (27) (28) (29) , implying relative ease. In contrast, average accuracy in our most difficult condition decreased to <60%. Our results, thus, reaffirm the role of these regions in social cognition and suggest the possibility that during rest, individuals are engaged in more complex or challenging kinds of social cognition than what is demanded by most fMRI studies of social cognition. This seems quite reasonable given that five year olds can pass many of the fMRI-based social cognition tasks given to adults (30, 31) , and self-reference tasks involve simple global judgments ("Are you talkative?") (32) .
Importantly, parametric increases in the medial frontoparietal and TPJ regions compliment and extend past research implicating these regions in mentalizing. Previous findings show this network reliably engages when participants think about the mental states, traits, and beliefs of others (7-9); however, the operating characteristics of these computations have not been addressed. Our results indicate that at least some components of the mentalizing network are capacity limited and increase activity with effort and social load level. Such findings simultaneously inform and create possible hypotheses for research in social neuroscience, as well as research on the default-mode system, which previously characterized this network as interfering with, rather than supporting, effortful cognition (11, 12) .
Social Working Memory and Social Cognitive Ability. Although there is no agreed upon measure of social cognitive ability, trait perspective-taking has been associated with social competence (16, 21) . We examined whether perspective-taking was related to load-dependent neural activity during the social working memory task and found that only regions within the mentalizing network showed this effect. Specifically, individuals higher in trait perspective-taking were more likely to show load-dependent parametric increases in MPFC (Brodmann area 10). This is the only region of the frontal cortex known to be disproportionately larger in humans than other primates after scaling for body size (33) . In addition, individual differences in MPFC size correlate with social cognitive competence and social network size (34, 35) . Our functional finding and the previous structural findings dovetail nicely with the social brain hypothesis, which emphasizes that social load processing may have been critical in the expansion of prefrontal cortex size in humans.
Assessing Psychopathology, Improving Daily Functioning. Many psychiatric conditions including schizophrenia, social anxiety, and autism spectrum disorder show dual or differential deficits in social cognition and working memory. Understanding how the medial and lateral frontoparietal networks contribute to social working memory may offer important insights into how these systems contribute to various psychological disorders and the kinds of interventions that might benefit them. For example, both working memory and theory of mind (i.e., the ability to represent other people's mental states) are impaired in patients with schizophrenia (36) (37) (38) . Individuals with social anxiety show working memory deficits, but enhanced working memory for socially salient words (39) . Similarly, a hallmark of autism spectrum disorder is the impaired ability to relate to and take the perspective of others (40, 41) . Interestingly, research on working memory capacity in individuals with autism spectrum disorder is mixed (42) (43) (44) (45) , with some research finding that working memory capacity is relatively intact in high-functioning individuals (42, 43) . It is possible that social cognitive deficits in these and other disorders may be better characterized with the inclusion of a social cognition task like social working memory that varies in difficulty level.
Social working memory capacity may also explain variance in healthy individuals' broader social cognitive ability. Traditional working memory capacity and lateral frontoparietal activity has been linked to cognitive abilities ranging from math and reading to IQ (17, 18, 46, 47) . Given that medial frontoparietal activity during our social working memory task was linked to trait perspective-taking, a core social cognitive ability (32) , social working memory capacity may be a useful construct for exploring social cognitive ability.
Along these lines, it is also plausible that social working memory training could benefit everyday social competence. Studies show that working memory training not only improves working memory, but these improvements generalize to improved cognitive reasoning and fluid intelligence (48) (49) (50) . For example, Jaeggi et al. (48) found that in psychologically healthy adults with normal IQ, working memory training led to improvements in fluid intelligence, the ability to reason and solve new problems independent of previously acquired knowledge. Similarly, it is possible that social working memory training would improve both social working memory ability (i.e., how many people can someone effectively think about at once) and other forms of social cognitive reasoning (i.e., perspective-taking) in both atypical and typical populations.
Limitations. There are a few potential limitations of our study. First, inclusion of a nonsocial working memory task would allow comparison of activation during social working memory trials to activation during cognitive working memory trials, which could identify activations unique to social (rather than nonsocial) working memory. Importantly, this limitation does not detract from our inferences from the current data. That is, our goal was to identify what regions are generally active during social working memory and, in particular, how the medial frontoparietal regions previously associated with decreases during increased mental effort would respond to social cognitive task demand. The responses of both lateral and medial frontoparietal networks across load levels during cognitive working memory have been very clearly characterized in multiple past studies (11, 12) . A cognitive comparison, therefore, would not change the pattern observed here in medial frontoparietal regions, which is qualitatively different from what has been observed in cognitive working memory paradigms in the past.
A second potential limitation is that our task induces both maintenance and manipulation during the delay period, and hence these component processes cannot be teased apart in our analysis of the delay period. Past research tends to find similar, but more robust, patterns of brain activation for manipulation relative to maintenance (4, 51) in nonsocial working memory tasks. Future research will be necessary to identify whether the same trend is true for activation during social working memory maintenance and manipulation.
Conclusions
Gordon Bower (52), a leading memory researcher, once suggested that the purpose of working memory "is to build up and maintain an internal model of the immediate environment and what has been happening in our world" (p. 54). Past working memory research has focused on the basic building blocks that allow us to handle representations of our immediate environment but has neglected to incorporate relevant social information that makes up much of our mental processing. Our results demonstrate that humans possess mechanisms to support social working memory and that these mechanisms include mentalizing regions in addition to canonical working memory regions. Echoing Bower, we suggest that the purpose of social working memory is to build up and maintain an internal model of the immediate social environment and what has been happening in our social world.
Methods
Participants. Sixteen right-handed, native English-speaking participants (10 females; mean age, 20 y; SD, 0.89) were recruited from the University of California, Los Angeles (UCLA) community and paid $60 for their participation. All participants provided written informed consent according to the procedures of the UCLA Institutional Review Board.
Procedure. Two weeks before the scan, participants completed a trait-rating questionnaire for 10 of their close friends. A total of 96 traits were selected from previously rated trait adjectives matched on familiarity, frequency of use, and positive valence (53) . For each trait, participants rated how much each of their friends possesses the trait on a 1-100 scale (1 being the least and 100 being the most). These ratings were later used to create social working memory trials (see below Materials). On the day of the scan, participants were instructed for each trial to read the list of the names of friends presented simultaneously on the screen (two, three, or four names; "encoding"; 4 s) and the trait word subsequently displayed for 1.5 s once the names were removed (Fig. 1) . For the delay period (6 s), participants were instructed to think about how much each of the previously shown friends possess the given trait and mentally rank them from most to least in terms of the extent to which each friend possesses the trait (e.g., rank them from most funny to least funny). Finally, participants received a true/false probe question regarding the ranked position of a previously encoded friend. For example, a trial with three names (Claire, Kristin, Rebecca) may have shown a probe question such as "second funniest?-Rebecca," and subjects indicated whether, of the group of friends encoded for that trial, the listed name at the probe question (i.e., Rebecca) was the second funniest of the encoded friends. The ranked position in probe question was randomized across trials to avoid mental set effects. Before the scan, participants completed practice social working memory trials (distinct from those used in the scans) to become familiar with the task. In the scan, participants completed four runs of the social working memory task. Each run had 24 unique trials presented with jittered crosshair fixation periods between and within trial elements. Between each trial, and between each modeled working memory phase (encoding, delay, retrieval), participants saw a fixation crosshair presented for a jittered amount of time [jitter time was randomly chosen and centered around a mean of 1.5 s (54)]. After the scan, participants completed the Empathy Interpersonal Reactivity Index (Empathy IRI) (16) .
Materials. For each social working memory trial, participants encoded the names of 2, 3, or 4 friends selected from a list of their 10 close friends that they provided 2 wk before the scan. To control for rating distance effects on task difficulty, we aimed to select friends that were ranked no more than 25 points apart (on the 100-point scale) and no closer than 5 points apart from one another for each trait word. These distances served as a rule for friend name selection and were adhered to as closely as possible given the distribution of ratings given by the participants (M distance for friend names within a trial, 11.38; SD, 7.24). Each participant was shown their own friends' names on each trial. Trials were standardized on brightness, contrast, font, and size.
Perspective-taking ability was measured using the perspective-taking (PT) subscale of the Empathy IRI (16) . This subscale was used because we wanted an individual difference measure of social cognition that shows variability in scores across healthy adults. The PT scale is a valid and reliable measure of the tendency to adopt the point of view of other people in everyday life (16) . A sample item from the PT scale is "I sometimes try to understand my friends better by imagining how things look from their perspective." Perspective-taking ability is a fundamental component of social cognition, and higher perspective-taking scores on the Empathy IRI are associated with better social functioning (16) .
Behavioral Data Acquisition and Analysis. Working memory is thought to be a limited capacity, given that behavioral performance on working memory tasks worsens as a function of load. During our social working memory scanner trials we collected participants' reaction time to the probe question as an index of task performance. To compute trial accuracy, we compared participants' answer to the probe question to their original friend trait ratings. If their answer was consistent with their prescanner ratings about their friends' traits, the trial was scored as accurate. For example, on the prescan rating questionnaire, for the trait "funny" a subject may have rated Claire an 85, Kristin a 75, and Rebecca a 67. For a trial in which these three friends were encoded, and the probe question was "Second funniest-Rebecca?," a correct answer would be "false" because Rebecca was actually rated third funniest.
fMRI Data Acquisition and Analysis. Imaging data were collected on a Siemens Trio 3-Tesla MRI scanner at the UCLA Ahmanson-Lovelace Brain Mapping Center. For each participant, we acquired 720 functional T2*-weighted echoplanar image volumes (EPIs) [slice thickness, 4 mm (no gap); 34 slices; repetition time (TR), 2,000 ms; echo time (TE), 30 ms; flip angle, 90°; matrix, 64 × 64; field of view (FOV), 192 mm] divided evenly across four runs. We also acquired a T2-weighted matched-bandwidth anatomical scan (same parameters as for EPIs, except as follows: TR, 5,000 ms; TE, 34 ms; flip angle, 90°; matrix, 128 × 128).
Imaging data were analyzed in SPM8 (Wellcome Department of Cognitive Neurology, Institute for Neurology, London, United Kingdom). Preprocessing for each participant's images included skull-stripping using Brain Extraction Tool (BET) (55) , spatial realignment to correct for head motion, normalization into a standard stereotactic space as defined by the Montreal Neurological Institute, and spatial smoothing using an 8-mm Gaussian kernel, full width at half-maximum.
The data were modeled as an event-related design. Each trial comprised separately modeled events for encoding (names), delay (6-s crosshair fixation), and retrieval (probe question about an encoded friends' trait ranking). Based on previous working memory research (56) (57) (58) (59) (60) (61) , our fMRI analyses focused only on trials answered correctly at retrieval. Encoding and delay periods were modeled as a boxcar spanning their duration. Retrieval was modeled as a boxcar from probe onset to the subject's response. Each event type (encoding, delay, and retrieval) also had an associated parametric modulator (regressor) coding for the trial load (two names, three names, or four names). We orthogonalized the social load parameter with respect to the main effect to examine the unique effect of social load, over and above any effects of performing the task collapsing across load level. We also created a model in which we orthogonalized the social load parameter with respect to the average effect and any effect attributable to RT (Results).
For all analyses, linear contrasts were computed for each participant as a measure of differential BOLD activation and then entered into random effects analyses at the group level for statistical inference. All whole-brain analyses were conducted using a statistical criterion of at least 43 contiguous voxels exceeding a voxel-wise threshold of P < 0.005. This joint voxel-wise and cluster-size threshold corresponds to a false-positive discovery rate of 5% across the whole brain, as estimated by a Monte Carlo simulation implemented using AlphaSim in AFNI (62) . For visual presentation, thresholded t-statistic maps were surface rendered using the SPM Surfrend toolbox version 1.0.2 (I. Kahn, Israel Institute of Technology).
